The acquisition of T cell functions seems to be closely linked to the reprogramming of the metabolic pathway. However, the impact of metabolic changes on the differentiation of helper T cell subsets remains unclear. We found that TCR-mediated activation of glutamine metabolism regulates Th2 cell differentiation via the supplementation of α-ketogulutalate (α-KG) and histone H3K27 demethylation. Deprivation of glutamine or pharmacological inhibition of glutamine metabolism blocks the induction of Th2 cell differentiation without affecting Stat6 phosphorylation. The methylation status of H3K27 at the Th2 cytokine gene locus was significantly increased in Th2 cells cultured under glutamine-deprived conditions. The inhibitory effect of glutamine-deprivation was antagonized by α-KG, and the α-KG-dependent induction of Th2 cell differentiation was reduced in utx-and jmjd3-deficient naïve CD4 T cells. These findings show that the glutamine-α-ketoglutarate axis is crucial to regulating the epigenetic status at the Th2 cytokine gene locus and subsequent Th2 cell differentiation.
INTRODUCTION increased ( Fig. 2D) . Unexpectedly, we found that the level of H3K4 tri-methylation at the Th2 cytokine gene loci did not decrease, but rather increased, in the Th2 cells differentiated under the glutamine-deprived conditions (Fig. 2-Figure Supplement 1B) .
The glutamine deprivation did not affect the IL-4-induced tyrosine phosphorylation of Stat6 ( Fig. 2E , or the IL-4-dependent induction of Gata3 (Fig. 2F) . These results indicate that glutamine deprivation affects the histone modification status without affecting the Stat6/Gata3 pathway, and thereby inhibiting Th2 cell differentiation.
To confirm the role of glutamine metabolism in Th2 cell differentiation, we next assessed the effect of amino oxyacetic acid (AOA), an inhibitor of transaminase on Th2 cell differentiation. The treatment of naïve CD4 T cells cultured under Th2 conditions with AOA during TCR stimulation substantially reduced the generation of IL-4-, IL-5and IL-13-producing cells (Fig. 3A) . A significant number of IFN-γ-producing CD4 T cells were generated in the AOA-treated Th2 cultures (Fig. 3A) . The AOA-treated Th2 cells produced smaller amounts of Th2 cytokines than did the untreated control CD4 T cells (Fig. 3B) . The AOA treatment also reduced the acetylation levels of histone H3K27 ( Fig. 3C) and H3K9 at the Th2 cytokine gene locus ( Fig. 3-Figure Supplement   1A ). Enhanced H3K27 and H3K4 tri-methylation levels were detected in the AOA-treated Th2 cells ( Fig. 3D and Fig. 3-Figure Supplement 1B) . The IL-4-induced tyrosine phosphorylation of Stat6 was unaffected by the AOA treatment (Fig. 3E) . The
IL-4-dependent induction of Gata3 in activated CD4 T cells was moderately inhibited
by the AOA treatment (Fig. 3F) . These results demonstrate a critical role for glutamine metabolism in regulating the chromatin status at the Th2 cytokine gene locus and subsequent Th2 cell differentiation.
The glutamine-α-KG axis regulates Th2 cell differentiation
We next wanted to determine the molecular mechanisms by which glutamine metabolism regulates Th2 cell differentiation. α-KG, a metabolite of glutamate, regulates the enzymatic activity of JmjC family histone demethylases, Tet2 and PDH hydroxylases, suggesting that glutaminolysis is involved in the cellular differentiation processes (18). An increased degree of histone H3K27 methylation at the Th2 cytokine gene locus was detected in Th2 cells cultured under glutamine-deprived conditions ( Fig.   2E ). We therefore assessed the effect of α-KG administration on Th2 cells cultured under glutamine-deprived conditions. The generation of IL-4-, IL-5-and IL-13-producing Th2 cells under glutamine-deprived conditions was significantly enhanced by α-KG administration (Fig. 4A) . The increased production of Th2 cytokines (IL-4, IL-5 and IL-13) by α-KG administration was also detected by an enzyme-linked immunosorbent assay (ELISA) ( Fig. 4B) . Furthermore, the level of histone H3K27 tri-methylation of the Th2 cytokine gene locus was significantly reduced by α-KG ( Fig.   4C ). In contrast, the reduced cell division of developing Th2 cells under glutamine-deprived conditions showed only partial restoration by α-KG ( Fig. 4D) .
These results suggest that glutamine metabolism regulates Th2 cell differentiation via the supplementation of α-KG.
Histone H3K27 demethylases utx and jmjd3 is required for efficient Th2 cell differentiation
Two kinds of histone H3K27me2/me3 demethylases have been identified: Kdm6a (Utx) and Kdm6b (Jmjd3) (19, 20). We therefore established T cell-specific utx-deficient (utx flox/flox x CD4-Cre Tg) and jmjd3-deficient (jmjd3 flox/flox x CD4-Cre Tg) mice to assess the role of H3K27 demethylation in α-KG-dependent Th2 cell differentiation.
The bindings of the Utx and Jmjd3 at the regulatory regions of the Th2 cytokine gene locus were detected by a ChIP-qPCR analysis (Fig. 5A) . In the absence of utx, the generation of IL-4-, IL-5-and IL-13-producing cells moderately decreased ( Fig. 5B) .
Decreased production of IL-4, IL-5 and IL-13 in utx-deficient Th2 cells was confirmed by an ELISA (Fig. 5C) . The reduced generation of IL-5-and IL-13-producing cells was also observed in jmjd3-deficient naïve CD4 T cell culture, whereas the number of IL-4-produicing cells remained unaffected ( Fig. 5B) . In contrast, the production of IL-4, IL-5 and IL-13 was significantly decreased by jmjd3 deficiency (Fig. 5C ). The tri-methylation level of histone H3K27 at the Th2 cytokine gene locus was increased in both utx-and jmjd3-deficient Th2 cells ( Fig. 5D ). Finally, we assessed the α-KG-dependent acquisitions of IL-5 and IL-13 production ability by utx-and jmjd3-deficient CD4 T cells. The α-KG-dependent induction of IL-5 and IL-13 production was reduced in both utx-and jmjd3-deficient CD4 T cells ( Fig. 5E) . In contrast, the decreased α-KG-dependent induction of IL-4 production was only detected in utx-deficient CD4 T cells, not in jmjd3-deficient cells.
Discussion
We herein showed that the inhibition of glutamine metabolism or deprivation of extracellular glutamine reduced Th2 cell differentiation in vitro. Glutamine metabolism is accompanied by increases in the production of α-KG. α-KG regulates the enzymatic activity of Tet2, JmjC family histone demethylases and PDH hydroxylases (18). It is well known that the differentiation of Th2 cells is regulated by histone and DNA methylation (21-23). We showed that H3K27me3, an inhibitory histone mark, at the Th2 cytokine gene locus was increased in naïve CD4 T cells cultured under AOA-treated or glutamine-deprived Th2 conditions. Therefore, glutamine metabolism may regulate the differentiation of Th2 cells by regulating the histone H3K27 methylation level at the Th2 cytokine gene locus. We found that the glutamine-α-KG axis regulates the H3K27 methylation status at the Th2 cytokine gene locus. We also showed that the histone H3K27 demethylases, Utx and Jmjd3 are involved in the Th2 cell differentiation. The demethylation of histone H3K27 seems to be induced in a Stat6/Gata3-independent manner. We and other authors have previously reported the Stat6-and Gata3-dependent induction of histone H3K9 acetylation at the Th2 cytokine gene locus in developing Th2 cells (24, 25). Thus, the glutamine-α-KG axis and the Stat6-Gata3 pathway cooperate to induce Th2 cell differentiation.
The expressions of several possible glutamine transporters (Slc1A5, Slc3A2, Slc7A5, and Slc38A1) were induced in CD4 T cells by TCR stimulation (16) . It was previously reported that Slc1a5 (Asct2), an amino acids transporter, facilitates the glutamine uptake and controls inflammatory CD4 T cell responses by regulating Th1 and Th17 differentiation but not Th2 cell differentiation (26). Asct2 appears to regulate Th1 and Th17 cell differentiation by modulating the mTOR-signaling pathway. Asct2-deficient CD4 T cells, the role of the glutamine metabolism was not assessed. In the present study, we showed that glutamine metabolism is required for Th2 differentiation. Furthermore, we found that the pharmacological inhibition of glutamine metabolism or deprivation of glutamine resulted in the impaired generation of IL-17A-producing CD4 T cells but not the impaired generation of IFN-γ-producing cells. Glutamine metabolism is accompanied by the increased production of α-KG. We demonstrated that α-KG-dependent demethylation of histone H3K27 at the Th2 cytokine gene locus is involved in Th2 differentiation. In addition, the differentiation of unpublished observation). Therefore, it is possible that glutamine metabolism controls Th2 and Th17 differentiation via the supplementation of α-KG. Thus, we conclude that glutamine regulates Th cell differentiation and subsequent CD4 T cell-dependent immune response through multiple pathways.
We detected the TCR-mediated upregulation of intracellular glutamate in activated CD4 T cells, and the increase in the intracellular glutamate concentration was completely dependent on extracellular glutamine. These results suggest that extracellular glutamine is transported into activated CD4 T cells and converted into glutamate, presumably by glutaminolysis. Glutaminolysis consists of two steps (13). In the first step, glutaminases (Gls1 and Gls2) and/or aspartate synthase (Asns) converts glutamine to glutamate. In the second step, glutamate dehydrogenase (Glud1), alanine aminotransferases (Alt1 and Alt2) and aspartate aminotransferases (Ast1 and Ast2) convert glutamate into α-KG (13) (14) . In addition, glutamate is also converted into α-KG by phospho-serine aminotransferase 1 (Psat1) during de novo serine synthesis 
CD4 T cells stimulation and differentiation in vitro
Naïve CD4 T (CD44 low CD62L high CD25 negative ) cells were prepared using a 
Intracellular staining of cytokines and transcription factors
For the intracellular staining of cytokines, cells were differentiated in vitro and stimulated with an immobilized anti-TCR-β mAb (3 µg/ml, H57-597; BioLegend) for 6 hours with monensin (2 µM, cat#M5273; Sigma-Aldrich), and intracellular staining was then performed as described previously (35). For the intracellular staining of phospho-stat6, the cells tested without restimulation were stained using a BD phosflow 
